Near-perfect absorbers (NPAs) efficiently absorb visible light with a layered nanostructure that is thinner than the diffusion lengths of photogenerated charge carriers. We overcame existing limitations in fabricating their nanoparticulate surface by depositing plasmene, a tightly-packed two-dimensional lattice of metal nanoparticles formed through self-assembly. The plasmene NPAs absorb up to 98% of incident visible light, with modelling showing the improvement on existing NPAs arises from the structural ordering of the plasmene. We also demonstrate control of NPAs' absorption profile through the use of anisotropic building blocks in plasmene. These property enhancements may broaden the application of NPAs to structural colour, sensing and photocatalysis.
Introduction
Solar energy harvesting in photovoltaics and photocatalysis begins with the absorption of light by matter.
1 Light absorption creates electronically excited states from which useful work can be extracted if the excited charge carriers can readily access chemical (catalytic site) or physical (electrode) interfaces. To maximize solar-energy conversion efficiencies, it is thus desirable to create light-harvesting devices in which the thickness of the absorbing layer is much smaller than characteristic charge-carrier scattering lengths, whilst simultaneously preserving a high magnitude of light absorption. The self-assembly of plasmene sheets on mirror/dielectric substrates (supported on glass), resulting in the formation of near-perfect absorbers.
One class of structure that embodies these properties is the near-perfect absorber (NPA), in which near-complete light absorption occurs on a sub-wavelength scale due to optical impedance matching between the material and free space. Optical impedance matching can be achieved by placing a layer of nanoscale resonators at a specific distance from a reflec-tor, leading to the excitation of optical resonances that efficiently suppress the reflection of light. The presence of the mirror eliminates transmission, and consequently nearly all light is absorbed. This concept has been demonstrated using metallic (plasmonic) nanostructures, resulting in strong absorption bands in the infrared [3] [4] [5] [6] and visible 7, 8 range of the electromagnetic spectrum. Notably, there are remarkable examples where broadband light absorption has been achieved.
5,9-12
In most demonstrations of plasmonic NPAs, the metallic nanostructures have been lithographically defined into periodic arrays or consist of randomly distributed nanoparticles, which result from the vacuum deposition and subsequent annealing of thin metal layers. In contrast, creating these structures using colloidal suspensions of high quality nanoparticles would enable the facile fabrication of NPAs using simple and scalable deposition processes.
A theoretical study suggested that for a planar periodic array of lossy small particles (such as metal colloids) to exhibit perfect absorption, the absorption cross-section of an individual member of said array must be comparable to the area of the unit cell. 13 This implies that the use of metal colloids as the building blocks of NPAs requires their assembly into surfaces of moderate to high particle densities. To date, colloid-based plasmonic NPA structures have been realized by the deposition of nanocubes using a self-assembly approach driven by the electrostatic attraction of colloids to the supporting substrates. However, this leads to relatively low surface coverages (∼ 4.2% coverage 14 ) and parasitic light scattering from the formed surfaces.
8,14,15
Plasmene is a highly ordered and tightly-packed two-dimensional sheet of metal nanoparticles formed by spontaneous self-assembly at an air-water interface. [16] [17] [18] [19] [20] These sheets are of single-particle thickness and form over macroscopic (i.e. ∼3 mm) lateral dimensions. They also demonstrate several unique fundamental properties, such as an unusually high mechanical strength (∼ 1GPa Young's modulus) and the capacity to support both propagating and gap plasmon modes, controllable by tuning the geometry of plasmene's unit cell.
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Here, we demonstrate near-perfect absorbers made with a nanostructured absorber layer of plasmene. The high surface coverage provided by plasmene creates NPAs that absorb up to 98% of incident visible light. Furthermore, engineering the geometry of the plasmene building blocks allows for control of the wavelength of absorption.
Results and Discussion
The basic architecture of the plasmene NPAs, shown in Figure 1 , consists of three distinct layers: a mirror, a thin dielectric spacer, and a single layer of plasmene. Plasmene sheets with building blocks of Au nanocubes (shown in Figure 2B ) were synthesized following wellestablished protocols (Figure 2A) . 20, 21 Suspensions of these nanocrystals in water exhibit extinction bands in the visible that are characteristic of the excitation of localized surface plasmon resonances ( Figure 2D ).
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In solutions of low particle concentration, the inter-particle distances between neighboring particles is much larger than the near-fields generated by individual particle plasmons.
Consequently, the optical properties of these particles are well-described by considering the interaction of an isolated nanocube with an incident light field. This interaction excites lo- Figure 2D is lifted, leading to hybridisation between bright (dipolar) and dark (multipolar) plasmon modes. In the case of Ag nanocubes, it has been shown that this results in substantial spectral red-shifts and the emergence of resonances that were absent in the solution spectrum.
24,25
Inter-nanoparticle interactions also lead to plasmon hybridization; 26 the surface electron charge oscillations σ(r) that result from the interaction with light are delocalized over the array of particles. This forms a collective plasmon mode with a resonance frequency redshifted with respect to that of the isolated particle.
To experimentally realize plasmene near-perfect absorbers of light, the mirror and spacer layer were deposited by physical vapor deposition. The spacer layer consisted of TiO 2 , a dielectric with a high refractive index that is transparent to visible light. Self-assembly of a plasmene sheet on the TiO 2 thin film completed the structure. Figure 3A shows the measured absorption spectra of two samples constructed using Al as the mirror, Au nanocubes as the plasmene building blocks, and TiO 2 of different thicknesses. These spectra were determined nm thickness, the spectrum showed two dominant absorption bands at 480 and 703 nm reaching absorption magnitudes of 86% and 91%, respectively. Increasing the dielectric spacer thickness to 58 nm slightly improved the maximum absorption to 94% at 700 nm.
Interestingly, whilst the absorption band at ∼700 nm underwent a slight hypsochromic shift, the higher energy band (∼480-500 nm) showed a bathochromic shift as the TiO 2 thickness increased, consistent with a distance-dependent interaction between the plasmene sheet and the metal layer. 15 Changing the chemical composition of the mirror layer in the NPA from
Al to Au caused a hypsochromic shift in the low energy absorption band (approx. 10 nm)
along with a small increase in magnitude ( Figure 3B ). When compared to the extinction spectrum of a nanocube plasmene sheet deposited on glass ( Figure 2C ), the absorption bands of Figures 3 are noticeably sharper.
The absorption spectrum of plasmene is spectrally tailored by the geometry of the A plasmene NPA incorporating bipyramidal building blocks exhibited an absorption band with a maximum of 98% incident light absorption at 524 nm. (A second absorption band is expected to occur at higher wavelengths, beyond the detection range of the instrumentation used). Nanobipyramids can self-assemble to form plasmene sheets in four different packing orders, 21 and due to their high structural aspect ratio, these assemblies can form plasmene sheets with optical properties that are sensitive to the polarization of the incident electromagnetic field ( Figure 4D ). These changes are also clearly visible to the naked eye under an optical microscope ( Figure 4D inset).
The scattering of light imposes a lower limit on the reflectivity at the peak absorption.
Scattering can occur as a consequence of structural disorder or the existence of edges in the plasmene lattice. The former may arise from the size distribution of the building blocks, whilst the latter may occur due to the finite extent of the plasmene sheets or the unintentional formation of stacked multiple layers. Figure 4 (D) shows a comparison between the measured absorption and dark-field scattering spectra of a plasmene near-perfect absorber, which were measured against surfaces of known reflectance and calibrated scattering amplitude, respectively. The figure shows clearly that scattering amounts to < 1% of the total incident power, indicating that it is strongly suppressed due to the regular ordering of the nanocrystal building blocks in the plasmene layer.
14 Theory For metasurfaces with a nanostructured layer, in which the inter-particle spacings are larger than the spatial extent of the plasmonic near-fields, perfect absorption has been modelled with a coupled-mode theory, 27,28 wherein each individual mirror-coupled nanocube reacts like a magnetic dipole. The collective action of an ensemble of these nanocubes results in an effective magnetic response, which enables almost complete impedance matching between the metasurface and free space, resulting in near-perfect absorption.
8,14,15
In metasurfaces with a sparse surface coverage, these magnetic modes can be both excited and scattered at the edges of the nanocube, allowing for some of the radiation to escape and couple into free space.
In order to gain a physical insight into the mechanism that enables almost complete impedance matching in plasmene NPAs, we have modelled the optical properties of a nanocube plasmene NPA using a finite element approach for solving Maxwell equations. The model material consisted of a periodic array of nanocubes of side length 40 nm ordered in a cubic lattice with a 100 nm period and a 30 nm spacer layer. Figure 5 shows the calculated absorption spectrum for this configuration with two bands that closely match the experimental data, along with the calculated maps of the magnitude of the electric (|E|) and magnetic (|H|) fields for each band. The electric field is strongly localized at the edges of the nanocube distant from the dielectric film, for the short-wavelength absorption band (located at ∼ 540 nm). For the long-wavelength absorption band (located at ∼700 nm), the electric field is strongly localized at the edges of the cube in contact with the dielectric film, and the magnetic field exhibits strong localization in the TiO 2 layer, in a way similar to a magnetic dipole. 3 This optical magnetic response originates from the interaction of the induced oscillating surface charges on the cube with their mirror images on the metal support. The radiation from the latter can cancel that produced by the induced dipole located on the nanoparticles, leading to suppression of reflection and causing the nanoparticles to absorb the energy, given that the mirror support prevents transmission of light. 29 Given the deep sub-wavelength separation between the building blocks, the plasmene sheet can be rationalized to consist of an effective magnetic metasurface, that is different from a metal film of a similar thickness (see Figure S. 2).
Figure 5: Numerically simulated optical absorption spectrum for a perfectly-ordered array of Au nanocubes on a TiO 2 -Au mirror support. The insets show spatial maps of the magnitude of the electric (|E|) and magnetic (|H|) fields. The magnetic field distribution for the absorption peak located at ∼700 nm clearly shows that at this wavelength, normally-incident light excites a magnetic mode in the structure.
Conclusion
In summary, we have fabricated and measured the absorption spectra of plasmene nearperfect absorbers of light. We demonstrate that these materials can absorb up to 98% of incident visible light. The intense electromagnetic near-fields resulting from this near total extinction of light may find application in surface-enhanced spectroscopy, chemical and biological sensing, and plasmonic hot-carrier extraction. Notably, as the mirror and TiO 2 layers can be deposited by solution-based approaches (such as electroplating, spin-coating and sol-gel methods), this report provides a pathway for the scalable, vacuum-free fabrication of NPAs.
Methods Methods
Require a general materials section. Also, should note that all solutions are aq. unless otherwise noted, this is ambiguous. Purification of the Au NPBs was achieved using a three-step method reported previously.
Synthesis of Nanocrystal Building Blocks Synthesis of Au nanocubes
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The final solution was washed and redispersed in Milli-Q water for further use.
Preparation of Metal-Semiconductor Substrates All films were deposited in an electron beam evaporation system (Intlvac, Nanochrome II) using a 10 kV power supply in a Class 10,000 cleanroom. Glass substrates were cleaned by sequential ultra-sonication in acetone and isopropanol, and then dried under a stream of nitrogen gas. The substrates were also cleaned by a plasma treatment step prior to the deposition of the metal-semiconductor films. In order to achieve good adhesion of the mirror layer to the substrate, a thin layer of Cr (5 nm, deposited 0.5Å/s) was deposited. The Al or Au mirrors (100 nm, deposited 1.0Å/s), and TiO 2 spacer (30 or 60 nm, deposited 0.5Å/s) were deposited sequentially.
Dielectric film thickness was confirmed by spectroscopic ellipsometry (J. A. Woolam Co.,
M-2000DI).
Fabricated of Plasmene Sheets Plasmene was fabricated by a drying-mediated selfassembly method at an air-water interface. 20 First, a two-step ligand-exchange method was used to replace CTAB ligands with thiol-terminated polystyrene (SH-PS) (Mn=50,000 for Au nanocubes and 20,000 for NBP). Briefly, 10 ml of the CTAB-capped Au nanocube solution (or 12 ml of the Au NBP solution) was centrifuged and redispersed in 5 ml (or 6 ml for Au NBP)
SH-PS-THF (4 mg/ml) solution. The solution was then kept at room temperature overnight and purified by repeated centrifugation-precipitation cycles to remove uncapped ligands and precipitate the SH-PS capped nanoparticles. Finally, the solution was concentrated and redispersed in a small amount of chloroform. To assemble a plasmene sheet, one drop of nanoparticle solution was deposited onto a water droplet sitting on the mirror/spacer substrate. After the full evaporation of the water and chloroform, a plasmene sheet was obtained.
Characterization Normal incidence images of the resulting structures were obtained by scanning electron microscopy (FEI, NovaNanoSEM 430). SEM images of plasmene were obtained by a FEI Helios Nanolab 600 FIB-SEM operating at 5 kV.
Optical Measurements The optical transmission and reflectance spectra of the NPA plasmene sheets were measured using an upright microscope (Nikon LV100), coupled to a spectrograph (Andor, SR-303i-A) equipped with a CCD (iDUS DU420A-BEX2-DD). For all the measured spectra, the light source was a broadband 100 W halogen lamp. The illumination and collection of reflectance (R) was done with a 50× objective (NA 0.55), and these measurements were referenced to a mirror with a known reflectance spectrum (Thorlabs BB1-E02). The transmission (T ) spectra were calibrated using a bare glass substrate. The absorption data shown in this paper were calculated as: A = 1 − R − T and are consequently not arbitrary values. 10 Scattering spectra were measured using the same objective but placing a dark-field iris in front of the light source. These spectra were referenced to a white diffuse Reflectance Standard (Labsphere, Spectralon SRS-99-020).
Numerical Simulations
The numerical simulations shown in Figure 5 were undertaken using the Finite Element Method implemented in COMSOL Multiphysics 5.3a. We used tabulated data for the refractive index of Au 31 and Al 32 for the substrate, and 1.0 for the medium above the structure. The refractive index of the TiO 2 layer was assumed to be 2.4.
Periodic boundary conditions were assumed on the sides and a port boundary was used at the excitation surface. The normally incident plane was assumed to be linearly polarised parallel to one of the horzontal edges of the cubes. The other surface of the model adjacent to the Al was taken to be a scattering boundary. No apparent backscattering from the terminating boundaries was apparent. The cubes were rounded to have a radius of curvature of 2 nm. 
